Mutational experiments were carried out to decrease the protease productivity of Aspergillusficum IFO 4320 by using N-methyl-N'-nitro-N-nitrosoguanidine. A protease-negative mutant, M-33, exhibited higher aamylaseactivity than the parent strain under submerged culture at 30°C for 24 h. About 70% of the total a-amylase activity in the M-33 culture filtrate was adsorbed onto starch granules. The electrophoretically homogeneous preparation of raw-starch-adsorbable a-amylase (molecular weight, 88,000), acid stable at pH 2, showed intensive raw-starch-digesting activity, dissolving corn starch granules completely. The preparation also exhibited a high synergistic effect with glucoamylase I. A mutant, M-72, with higher protease activity produced a raw cornstarch-unadsorbable a-amylase. The purified enzyme (molecular weight, 54,000), acid unstable, showed no digesting activity on raw corn starch and a lower synergistic effect with glucoamylase I in the hydrolysis of raw corn starch. The fungal a-amylase was therefore divided into two types, a novel type of raw-starch-digesting enzyme and a conventional type of raw-starch-nondigesting enzyme.
Many reports have been published on fungal a-amylase (a-1,4-D-glucan 4-glucanohydrolase; EC 3.2.1.1 [endoamylase]), but no reports could be found on a raw-starchdigesting fungal a-amylase.
As reported previously (4), Aspergillus awamori var. kawachi produced three kinds of glucoamylase: raw-starchdigesting glucoamylase GA I (molecular weight [MW] 90,000; type A) and raw-starch-nondigesting glucoamylase GA I' (MW 83,000; type B) and GA II (MW 57,000; type C). The multiplicity of the enzyme was ascribed to the stepwise degradation of the original glucoamylase GA I by protease and glucosidases (17) . The occurrence of raw starch digestibility was paralleled by raw starch adsorbability (7) , which occurred at the raw starch affinity site, different from the active site in the GA I molecule. This raw starch affinity site was specifically cleaved by protease, leading to the formation of raw-starch-nondigesting GA I'. We further showed that the protease-negative, glycosidase-negative mutant strain HF-15 of A. awamori var. kawachi produced only raw-starch-digesting glucoamylase GA 0 (MW 250,000; type A) under any conditions of submerged or solid culture (3, 5, 6) . On the basis of these results with glucoamylase, we expected the presence of raw-starch-digesting a-amylase from fungi and tried to isolate the protease-negative mutant that could produce a high amount of a raw-starchadsorbable, raw-starch-digesting a-amylase.
This paper describes the isolation of a protease-negative mutant from A. ficum IFO 4320 and the production, purification, and properties of raw-starch-digesting a-amylase. For comparison, a raw-starch-nondigesting a-amylase from a hyper-protease mutant of the same parent strain is also described.
MATERIALS AND METHODS Induction and isolation of mutants. A. ficum IFO 4320 was used as parent material. The parent culture was grown on a * Corresponding author. slant of complete medium (glucose, 10 g; peptone, 5 g; yeast extract, 5 g; malt extract, 5 g; KH2PO4, 1 g; agar, 20 g; deionized water, 1,000 ml) for 10 days at 30°C. The spores were collected and suspended in sterile water to give a spore suspension not less than 108 spores per ml. A 10-ml portion of spore suspension was treated with 10 ml of freshly prepared N-methyl-N'-nitro-N-nitrosoguanidine at a concentration of 4 mg/ml in 0.1 M acetate buffer, pH 4.5, for 20 min in a sterilized tube and then centrifuged for 5 min to remove the supernatant. The centrifuged spores were washed twice with sterile water and then inoculated into 100 ml of minimal medium (glucose, 50 g; NaNO3, 3 g; KH2PO4, 1 g; KCl, 0.5 g; MgSO4 -7H20, 0.2 g, FeSO4 * 7H20, 0.01 g; deionized water, 1,000 ml) and shaken at 30°C for 36 h. The mycelia were separated by filtration through sterile glass wool, and the filtrate was plated onto complete medium slants and further incubated at 30°C for 7 to 10 days. Several transfers were done to test the stability of the mutants. The selected mutants were plated individually onto casein medium for primary screening for protease productivity. Mutants with significantly large and small halos (clear zones) compared with the parent were selected and cultured in potato dextrose agar medium for 10 days at 30°C. Spores of these selected mutants were further suspended in sterile pure water to give a spore suspension of not less than 108 spores per ml. A 10-ml amount from each suspension was treated with 10 ml of freshly prepared N-methyl-N'-nitro-Nnitrosoguanidine (4 mg/ml) in 0. 8 . Synergistic effects of raw-starch-adsorbable and rawstarch-unadsorbable a-amylases with A. awamori var. kawachi GA I. Symbols: O, mixed preparation of raw-starch-adsorbable aamylase and GA I; O, mixed preparation of raw-starchunadsorbable a-amylase and GA I; A\, GA I; *, raw-starchadsorbable a-amylase; *, raw-starch-unadsorbable a-amylase. Reaction mixtures containing 300 mg of raw corn starch in 6 ml of O.1 M acetate buffer (pH 5.2), 9 ml of mixed enzyme solution, and 33 ml of pure water were incubated at 30°C in a stationary state. A 6-ml portion of GA I (10 U/ml) plus 3 ml of raw-starch-adsorbable a-amylase (2.0 U/ml) or 3 ml of raw-starch-unadsorbable a-amylase (2.0 U/ml) was used as the mixed enzyme solution. The hydrolysis curves obtained were compared with that of the control (6 ml of GA I or 6 ml of raw-starch-adsorbable or raw-starch-unadsorbable ot-amylase). 6 ml of raw-starch-adsorbable a-amylase, 36 ml of pure water, and 1 ml of toluene was incubated at 30°C in a stationary state and then centrifuged. The precipitates were collected and dried in a critical-point dryer (JEOL Ltd.) and used as the sample for scanning electron microscopy. Bars, 1 p.m. Purification of mutant a-amylases. The lyophilized preparations of both culture filtrates were dissolved in 0.1 M acetate buffer (pH 6.0) and applied to a Sephacryl S-300 column. Fractions of a-amylase were combined and applied to a DEAE-Cellulofine AH column. The chromatographic pattern of M-33 a-amylase is shown in Fig. 2 . The recovery and specific activity of M-33 a-amylase are summarized in Table 1 .
Homogeneity of purified a-amylase. The purified M-33 and M-72 a-amylases were homogeneous on disc electrophoresis (Fig. 3) .
Adsorbabilities of mutant a-amylases onto corn starch granules. Purified M-33 a-amylase was adsorbed more than 90% onto corn starch granules at pH 4.0. Purified M-72 a-amylase was not adsorbed onto corn starch granules at any pH values (Fig. 4) .
Properties of mutant oa-amylases. (i) MW. Logarithmic plots of reference proteins versus their relative mobilities are shown in Fig. 5 . The MW of raw-starch-adsorbable aamylase from mutant M-33 was estimated to be 88,000 by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and that of raw-starch-unadsorbable ot-amylase from mutant M-72 was estimated to be 54,000.
(ii) pH stability and optimal pH. M-33 a-amylase was stable at pH 4.0 to 9.0 and 90% activity remained at pH 2.0 (Fig. 6A) . M-72 a-amylase was stable at pH 4.0 to 9.0 and 35% activity remained at pH 3.0; it was completely inactivated at pH 2.0. The optimal pH values of both enzymes were found to be pH 5.2 at 45°C (Fig. 6B) .
(iii) Hydrolysis of various substrates. The hydrolysis curves exhibited by both enzymes for various amylaceous substrates are shown in Fig. 7 . This shows that both enzymes hydrolyzed gelatinized potato starch and glycogen to limits of 60 and 40%, respectively. Sugar products in the reaction mixture were glucose, maltose, maltotriose, maltotetraose, maltopentaose, and maltohexaose. The hydrolysis degree at the erythro point in the iodine color reaction was 5.0%. Neither preparation showed maltase activity; glucose and maltose were produced from maltotriose.
(iv) Digestion of raw corn starch and electron microscopic observation of digested starch granules. Raw-starch-adsorbable a-amylase from mutant M-33 digested raw corn starch and completely solubilized the whole granules within 6 days (Fig. 8) . The raw-starch-unadsorbable a-amylase from mutant M-72 did not show any digestibility on raw corn starch. The fine structure of these digested starch granule was observed with a scanning electron microscope. Figure 9 shows the corn starch granules of various extents of digestion by raw-starch-adsorbable a-amylase. The native starch granules are shown in Fig. 9A (Fig. 9B) . The holes and the digested surface of the starch granule revealed the characteristic layered structure (Fig. 9C) . The holes gradually widened (Fig. 9D) , and then they were completely solubilized within 6 days. No holes were observed on any corn starch granules with raw-starchunadsorbable a-amylase from mutant M-72.
(v) Synergistic effect with glucoamylase I in digestion of raw corn starch. The raw-starch-digesting a-amylase from mutant M-33 exhibited a high synergistic effect with the glucoamylase I from A. awamori var. kawachi in the digestion of raw corn starch. The addition of raw-starch-digesting aamylase led to twice the hydrolysis rate (Fig. 8) . However, raw-starch-nondigesting a-amylase from mutant M-72 exhibited little synergistic effect.
DISCUSSION
To certify the presence of a novel type of fungal aamylase, we tried to select mutants which could produce high amounts of the raw-starch-adsorbable, raw-starchdigesting a-amylase, according to the technique described in a previous paper (5) on the high productivity of raw-starchadsorbable, raw-starch-digesting glucoamylase 0 in a protease-negative, glycosidase-negative mutant of A. awamori var. kawachi.
A purified preparation of a-amylase from A. ficum mutant M-33 was electrophoretically homogeneous, hydrolyzed gelatinized potato starch and glycogen up to 60 and 40%, respectively, and showed no maltase activity, and the hydrolysis degree at the erythro point in the iodine color reaction was 5.0%. These data supported the idea that this a-amylase preparation proved not to contain glucoamylase activity. We therefore concluded that the raw-starchadsorbable a-amylase from mutant M-33 digested raw starch granules by itself. The purified preparation of a-amylase from mutant M-72 did not show adsorbability or digestibility on raw starch granules. However, this a-amylase showed digestibility on gelatinized potato starch and glycogen. Thus, the fungal a-amylases could be designated as raw-starchdigesting a-amylase I and raw-starch-nondigesting aamylase II. a-Amylase I from M-33 (MW 88,000) was higher in molecular weight than any other fungal a-amylase (MW 51,000 to 60,000) previously reported (2, 12, 16) . a-Amylase II from mutant M-72 (MW 54,000) was almost identical to the above-mentioned typical fungal a-amylases. a-Amylase I was found to be more acid resistant and stable even at pH 2,0, similar to the acid-stable a-amylase of A. niger (11) and A. aureus (12) , whereas a-amylase II, similar to the other ordinary fungal a-amylases, was completely inactivated at this pH. Both the a-amylase and glucoamylase from mutant M-33 showed the intensive raw starch digestibility at acidic pH and exhibited a high synergistic effect with each other in the digestion of raw starches. We therefore expected that mutant M-33 would be useful as the saccharifying agent fortified with the novel type of a-amylase I for highconcentration ethanol fermentation of uncooked corn (8) .
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